Matrix as well as interlayer regions of laminated polymer composites have been reinforced with carbon nanotubes, additionally to shape memory alloy wires, in order to further enhance the overall material toughness and introduce the improved impact resistance mechanisms through micro-and nano-engineering. In this work, we examine carbon fiber reinforced polymer composites with constant carbon fiber volume fraction, further reinforced with carbon nanotube and shape memory alloy wires, under controlled impact. Single-type as well as multiple-type impact tests have been carried out, demonstrating that the energy absorption and damage development are similar in both impact tests for the same material. When the carbon nanotube and shape memory alloy wires reinforcements are compared separately, shape memory alloy-reinforced carbon fiber reinforced polymers present higher energy absorption than the carbon nanotubereinforced carbon fiber reinforced polymers. When they are combined, although the carbon nanotube þ shape memory alloy-reinforced carbon fiber reinforced polymers present similar energy absorption improvement to shape memory alloy-only carbon fiber reinforced polymers, the carbon nanotube addition increases toughness, resulting in damage initiation at higher depths of impact penetration.
Introduction
Composite materials have been widely used in aerospace industry in recent years due to their desirable properties, such as high strength, stiffness, corrosion resistance, improved fatigue properties, and lightweight compared to metals. In the last years, Boeing Commercial Airplanes introduced Boeing 787 Dreamliner, the first airplane with its structure more than 50% by weight made out of polymer composites. 1 Despite various advantages, one of the most significant disadvantages of composite materials is their weak impact damage tolerance. Composites have a limited ability to undergo plastic deformation; therefore, the energy absorbed under impact results in large areas of fracture. Consequently, new material reinforcements and processes are continuously being sought to improve the impact tolerance of composite materials. Greenhalgh and Hiley 2 provide a comprehensive review of currently available methods for improving the impact damage tolerance of a typical aerospace composite structural element (a stringer-stiffened panel). These methods include the use of tougher matrix systems, use of textiles (woven fabrics, non-crimp fabrics, 3-dimensional fiber architectures), through-thickness stitching and Z-pinning, and use of shape-memory alloy (SMA) or carbon nanotube (CNT) reinforcements. [3] [4] [5] Improving the impact resistance of composite materials using SMA wires appears to have been investigated first by Paine and Rogers. 6 Many other potential benefits of SMA composites have been investigated since then, including the potential for SMA wires to improve the post-buckling response of composites, to enhance the resistance to thermal buckling, and to modify the natural vibration frequency of composites. 7 For improving impact resistance, SMA wires have the capability of either imparting a compressive strain to a structure which can reduce the damage after impact 8 or can assist in dissipating impact energy through superelasticity or pseudoelasticity. 6, 9 Furthermore, recent research showed that the use of SMA wires to absorb energy during impact improved the damage tolerance. 10 Carbon nanotubes are used in a wide range of applications, 11, 12 but their mechanical, electronic and thermal properties make them ideal reinforcements for composite materials. 13 CNTs present high conductivity and high aspect ratio to produce the conductive plastics with exceedingly low percolation thresholds. 14 Ongoing research has shown that carbon nanotubes as reinforcements in carbon fiber composites contribute to higher strength. 15 Kostopoulos et al. 16 have investigated the role of CNTs in energy absorption during impact of CFRP composites.
Finally, there have been several efforts to combine SMA wires and CNT reinforcements. CNTs have been grown on SMA wire surface to increase thermal conductivity and potentially cool down SMA wires. 17 Other research summarized in a review 18 shows the incorporation of CNTs in an effort to increase the electroactive shape memory effect of shape memory polymer composites. The novelty of the present work is in the examination of the impact behavior of CFRP composites with SMA wires together with CNT as further reinforcements.
Experimental methods
Laminated woven carbon fabrics (Fibermax Composites C160P) reinforced with an epoxy system (100: 47 w/f % of epoxy resin 921 and 475,524 hardener, respectively, provided by Fibermax Composites) are investigated. Panels with four laminas (three interlayers) are manufactured through a vacuum assisted wet lay-up process.
Low cost CNTs, provided by Rosseter Holdings LTD, with the following distribution characteristics are used: Outer diameter: 8.2 AE 3.0 nm, inner diameter: 3.1 AE 0.9 nm, number of walls: 8 AE 4 layers, length: 250-300 nm. CNTs are first functionalized by introducing them to 500 C for an hour; they are then mixed with the hardener on a magnetic stirrer and are left overnight to achieve good dispersion. Upon dispersion of CNTs within the hardener, the mixture is poured under stirring into the epoxy resin at a slow rate of 3 ml/min. The matrix system is then used within the wet lay-up process. CNT overall volume fraction is kept at 2%.
As for SMA wire reinforcement, superelastic SMA wires (NiTi alloy S from Memry GmbH, straight annealed, 0.152 mm diameter, at temperature of 0 C) are placed, between the last two woven carbon fiber layers. The wires are manually wound on a frame (420 mm Â 420 mm) in both 0 and 90 direction (as shown in Figure 1(a) ) and then placed between the layers of woven fabric. SMA wire volume fraction is kept at 2% of the composite. Specimens for impact testing are circular and cut out from the fabricated panels with a diameter of 140 mm.
Four types of CFRP specimens are investigated: (1) control specimens, which have no further reinforcement, (2) CNT-reinforced specimens, which contain dispersed CNTs within the entirety of the matrix, (3) SMA-reinforced specimens, which contain SMA wires in the third interlayer away from the impactor, and (4) CNT þ SMA-reinforced specimens, which contain dispersed CNTs within the entirety of the matrix and SMA wires in the third interlayer away from the impactor. Figure 1 (b) includes a photo of a general specimen indicating its actual dimensions. This specimen is a representative of all types of specimens. Furthermore, Figure 1 (b) illustrates the cross-sections of the four types of specimens representing the layers of the carbon fabric, the resin, the resin mix with CNTs and the SMA layers.
A servo-hydraulic testing machine is used for impact testing; a schematic of the arrangement is depicted in Figure 2 .The same machine has been utilized in the past to investigate the impact absorption energy of glass fiber composites reinforced with SMA wires. 10 A video camera is used to monitor the experiments and to record the sequence of specimen damage. Testing is carried out under displacement control using an actuator speed of 4 mm/s, recording load and impactor displacement for all the tests performed. The impact rig consists of a cage with the circular composite specimen clamped at its base. The cage is gripped in the upper grip of the servo-hydraulic testing machine (which is connected directly to the load cell). The circular impact specimens are clamped over an annulus of 20 mm, so that the free area exposed for impact is a circular panel with a 100 mm diameter. The impactor consists of a glass sphere, of 16 mm diameter, which is mounted on a spigot. The spigot is clamped in the lower grip and is driven by the actuator at a constant velocity to produce an impact at the center of the panel. The video camera is placed inside the cage, recording the exit of the impactor from the specimen. Tests could be performed with impact velocities in a range from 0.08 mm/s to 200 mm/s. Three types of impact tests are performed: The first type of impact test leads the impactor at constant velocity completely through the specimen (''single impact test''). Generally, this test requires an impactor displacement of about 24 mm. The second test type drives the impactor through the specimen in multiple steps of increasing displacement. This is called a ''multiple impact test.'' The impactor at a constant velocity heads to the specimen at a certain displacement, it then returns to its initial position and then, it heads back to the specimen at the same velocity with an increased displacement. This process is repeated until the impactor goes all the way through the specimen. Displacement increase is constant at each impact step. Particularly, this experiment is conducted with increasing impactor displacements of 4 mm, 6 mm, 8 mm, 10 mm, 12 mm, 14 mm, and 24 mm. Finally, the third type of impact test is quite similar to the second and is called ''partial penetration impact test.'' Here, instead of having one specimen that is impacted at seven different displacements, a new specimen is used for each displacement increase step.
Through the third type of testing, it is possible to remove each specimen from the rig and examine the specimens under a microscope in order to investigate the damage development for different impact displacements. All types of specimens have also been examined under optical microscopy for damage observation. Specimens damaged from all impact displacements (4-14 mm) have been investigated. The specimens are cut right through the middle of the impact area so that the cross-section can be observed. An ISOmet 4000 linear Precision saw from Buehler is used to accurately cut samples out of the specimens. The microscope used is an OLYMPUS BX51 with an OLYMPUS DP 25 installed camera. To characterize the damage occurring during impact tests, both macroscopic and microscopic studies have been undertaken on impacted specimens. For each type of impact test, load-displacement graphs present the variation of load with impactor displacement during the experiments. Furthermore, the absorbed energy is calculated from the area under the load-displacement curve, up to the maximum displacement, using Riemann integrals. 19 In the case of multiple impact tests, overlapping areas need to be taken into account so that the contribution of the related energies to the integral is not counted twice.
Results
Single and multiple impact tests Figure 3 shows typical load-displacement responses of control specimens impacted with (a) single and (b) multiple impact tests. During the single impact test, the load increased almost linearly with displacement up to 6 mm, where the peak load is reached, and then a sudden drop of the load occurs due to macroscopic crack formations. 12 The load is unstable for a few millimeters, and afterwards it starts decreasing as the impactor penetrates the specimen until it reaches zero load, where full penetration of the specimen occurs. The average overall energy needed for fully penetrating the specimen is calculated by integrating the loaddisplacement curve, which yields 3.3 J.
In a multiple impact test, seven cycles of impact loading are used. For each cycle, the area of hysteresis is determined, and upon determination of all seven areas, the sum of them is calculated to define the overall energy of penetration for the specimen; taking also into consideration the overlapping areas between cycles in a multiple test, which are subtracted from the sum of the total energy. Apart from the first two cycles, where little damage occurs, significant hysteresis is found for each subsequent cycle and the area of the load-displacement hysteresis increases with increasing displacement. The sudden drop of load can be seen in Figure 3 (b), where each cycle follows the path that can be created by a single impact specimen.
Load-displacement responses for single and multiple impact tests are compared in Figure 4 (a). Responses seem to be quite similar. The figure shows the loaddisplacement response of control specimens, impacted in single impact (red) and in multiple impact (blue) tests. The initial stiffness and the overall shape of the load-displacement response are followed by similar curves in both cases. Absorbed energies of 3.35 J and 3.31 J have been measured for the single and the multiple impact tests, respectively. This similar path between single and multiple impact tests has also been observed in previously published work with glass fiber reinforced composites. 10 The average energy absorption of control specimens, regardless of the impact test is 3.37 J. The average values for maximum load and displacement are 0.56 kN and 20.3 mm, respectively.
Similar behavior to control specimens is observed in the load-displacement response of CNT-reinforced specimens, where single (red) and multiple impact (blue) tests demonstrate absorbed energies of 4.54 J and 4.51 J, respectively (Figure 4(b) ).The average energy absorbed of CNT reinforced specimens is 4.42 J. The average values for maximum load and displacement are 0.51 kN and 20.4 mm, respectively.
The load-displacement response for single (red) and multiple (blue) impact tests of SMA-reinforced specimens is shown in Figure 4(c) . During the single impact test, the load is increased almost linearly as the displacement is increased up to almost 7 mm where the sudden drop of the load occurs. Unlike the control and the CNT-reinforced specimens, after the sudden drop of load, the load stays constant over a range of a few millimeters as the impactor penetrates the specimen, and then starts decreasing until it reaches zero load at full penetration. This effect is attributed to the SMA wires, which under load absorb energy and transform from the austenitic phase to a stress-induced martensitic phase. [6] [7] [8] [9] [10] During the multiple impact test, where seven cycles of impact loading are used, the effect of the SMA wires can also be seen, when load stays constant over a range of a few millimeters after the formation of the first macroscopic crack, and then decreases to zero. SMA-reinforced specimens in single and multiple impact tests present similar energy absorption, with energies of 8.49 J and 8.38 J, respectively. The average energy absorbed for SMA-reinforced specimens is 8.21 J. The average values for maximum load and displacement are 0.71 kN and 22.4 mm, respectively.
By comparing the load-displacement response for single and multiple impact tests of specimens reinforced with both CNTs and SMA wires (Figure 4(d) ), it can be seen that in both tests, specimens have similar initial stiffness and follow the same path up to penetration. In both specimens, the effect of wires is shown where the load is constant for few millimeters after the sudden -No damage was found.
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-The specimen was penetrated. Table 1 presents the four types of specimens with the average values of energy absorption, maximum load and displacement for single and multiple impact tests. Figure 5 presents the characteristic load-displacement responses of seven CNT-reinforced specimens that have been tested in partial penetration impact tests at (a) 4 mm, (b) 6 mm, (c) 8 mm, (d) 10 mm, (e) 12 mm, (f) 14 mm, and (g) 24 mm displacements. Response similarities to the respective single impact tests, especially at high displacements, can be observed. At 4 mm ( Figure 5(a) ), the small hysteresis demonstrates that the damage developed inside the specimen is small as well. As the impactor moves to 6 mm ( Figure 5(b) ), the hysteresis of the cycle becomes larger, indicating larger damage. At around 6 mm, usually the peak load and the sudden drop of load occur, which are more obvious in the rest of the figures (Figure 5 (b) to (g)). At around 14 mm ( Figure 5(f) ), the specimen is almost fully penetrated and suffers major damage, which can be optically examined on the specimen surface. The partial penetration impact test at 24 mm displacement presents identical behavior with a single impact test ( Figure 5(g) ).
Partial penetration impact tests
The partial penetration impact responses correlate with the results from the multiple impact experiments described earlier. Figure 6 demonstrates a superposition of the load-displacement graphs of control specimens impacted with a partial penetration impact test and the equivalent cycle of control specimens impacted with a multiple impact test. The multiple impact test curve starts a few millimeters before the point that the previous cycle stopped and reaches the path of the partial penetration test curve. For instance, in Figure 6 (a), the load of the multiple impact test curve starts increasing at around 3 mm and follows a parallel path to the partial penetration test curve up to the maximum displacement (6 mm); then both curves follow the same path down to zero.
Similar correlation, when comparing partial penetration and multiple impact tests, can be seen in the rest of Figure 6 (b) to (i), where CNT-, SMA-, and CNT þ SMA-reinforced specimens are impacted at various displacements.
Damage
The damage caused to specimens during the partial impact tests has also been monitored through optical microscopy. Depending on the reinforcement, there are differences in observation by specimen type. Specimens present higher or lower resistance to impact which is translated to damage (crack initiation, delamination, and fracture) occurrence at a higher impact penetration, accompanied by higher energy absorption as discussed in Section Results. Table 2 presents the observation for each type of specimen at different depths of penetration (4 mm, 6 mm, 8 mm, 10 mm, 12 mm, and 14 mm), with equivalent figures (Figures 7 Figure 7 . Cross-section images of control specimen impacted at (a) 8 mm and at (b) 10 mm. to 9). (Note: The arrow on the images represents the center of impact).
As it can be seen, control and SMA-reinforced specimens present damage initiation sooner than the other types of specimens. This happens at a 6 mm depth for control and a 4 mm depth for SMA-reinforced specimens. This is expected, as control specimens do not have further reinforcement and SMA-reinforced specimens lack homogeneity from lamina to lamina, as SMA wires are placed only in one of the three interlayers. On the contrary, specimens that include CNTs have a slight delay in damage initiation due to the increased toughness especially in the interlayer regions. Damage initiates at 6 mm for CNT and at 8 mm for CNT þ SMA-reinforced specimens.
Finally, full penetration of control specimens is achieved at 10 mm. For CNT reinforced and SMA wire reinforced specimens, full penetration is achieved at 14 mm, whereas for CNT þ SMA wire reinforced specimens full penetration has not been completely achieved at 14 mm. Figure 10 shows typical load-displacement results from the single impact tests of the four types of specimens. For the first 5 mm into the impact, the CNT þ SMAreinforced specimen is much stiffer than the control specimen but slightly less stiff than the CNT-reinforced and SMA-reinforced specimens. The load is increased as the displacement increases until the first macroscopic crack is formed, where a sudden drop of load occurs. This sudden drop of load occurs at about 7 mm for a CNT þ SMA-reinforced specimen. The peak load occurs at the highest load (0.81 kN) compared to the other three specimens. After the sudden drop of load, Table 3 . Average values of the energy needed to fully penetrated specimens, for all the specimens tested in this work with single and multiple impact tests, the difference in energy when compared to control specimens and the percentage increased.
Discussion

Specimen
Energy ( the load remains at a constant range for about 7 mm and then starts decreasing at a constant rate to zero at around 21.5 mm of penetration. This effect is attributed to the existence of SMA wires as it is also observed in the SMA-reinforced specimen. SMA wires under load transform from the austenite phase to a stress-induced martensite phase by absorbing energy. [6] [7] [8] [9] [10] The overall energy absorbed by the CNT þ SMA-reinforced specimen (8.22 J) is similar to the energy absorbed by the SMA-reinforced specimen and significantly higher than the one absorbed by the control and the CNT-reinforced specimens. (Note: The increase of load found in the last millimeters is due to the impactor and is not counted in the calculation of energy absorption.)
The average values of thickness, maximum load, maximum displacement and absorbed energy for all the specimens impacted with single and multiple impact tests are summarized in Table 1 . The values of maximum displacement of all types of specimens are similar to each other; therefore, the type of specimen does not affect the maximum displacement, whereas thickness of the specimen does. That is why control and CNT-reinforced specimens have somewhat lower value of maximum displacement than the CNT þ SMA-and SMA-reinforced specimens, which are slightly thicker. The specimens that contain SMA wires present 40% higher maximum load than the rest of the specimens. This is attributed to the SMA wire resistance in the formation of the first macroscopic cracks.
As it can be seen from Table 1 , SMA-reinforced specimens show the highest energy needed for full penetration, followed by the CNT þ SMA-, the CNT-, and last the control specimens. To better analyze energy absorption, the differently reinforced CFRP specimens are compared with the control CFRP specimens. This comparison is summarized in Table 3 . CNT-reinforced specimens present a noticeable increase of about 32% in energy absorption; however, SMA-reinforced specimens demonstrate much higher energy absorption with an increase of 144%. Although CNT þ SMAreinforced specimens were expected to present even higher increase in energy absorption when compared to SMA-reinforced specimens, their average energy absorption increase was quite similar to the later and that is 135%.
Conclusion
The multiple and single impact tests of same type of specimens produce very similar results in terms of load-displacement behavior and energy absorption. Furthermore, SMA-reinforced specimens with 2% volume fraction of SMA wires present an increase of 144% in energy absorption compared to the control specimens. Additionally, CNT þ SMA-reinforced specimens reinforced with 2% volume fraction of SMA wires and 2% volume fraction of CNTs present a similar increase of 135% in energy absorption when compared to the control specimens. This similar increase in energy absorption demonstrates that the energy absorption mechanism of SMA wires is much more effective than the mechanism of CNTs; however, as observed by the partial penetration impact tests, the addition of CNTs to the SMA-reinforced composites contributes to the delay of damage initiation due to the increased toughness especially in the interlayer regions. 3 More specifically, damage initiates at 4 mm for SMA-reinforced and at 8 mm for CNT þ SMA-reinforced specimens. This is in agreement to the role of CNTs in toughness improvement of CFRP composites as it has been investigated in recently published work.
